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Glossary 
ns- ZrO2 – Nanostructured zirconia 
SCBD - Supersonic Cluster Beam Deposition 
PMCS- Pulsed Microplasma Cluster Source 
AFM - Atomic force microscopy 
ATCh – Acetylthiocholine 
TCh - Thiocholine 
AChE - Acetylcholinesterase 
ATCh Cl - Acetylthiocholine Chloride 
ATCh I – Acetylthiocholine Iodide 
OP – Organophosphate 
WE - Working electrode 
RE - Reference electrode 
CE - Counter electrode 
KCl - Potassium Chloride 
PBS - Phosphate buffer solution 
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Fe3+/Fe2+ - Potassium Ferricianyde/ Potassium Ferrocyanide 
EIS - Electrochemical Impedance Spectroscopy 
CV - Cyclic Voltammetry 
CA - Chronoamperometry 
LOD - Limit of detection 
DTNB - 5, 5- dithio-bis-(2-nitrobenzoic acid) 
TNB - 5-thio-2-nitrobenzoate 
Rs - Solution resistance 
Rct - Charge transfer resistance 
Cdl - Double layer capacitance 
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Abstract 
 
Rapid, low cost, sensitive and user friendly detection methods for pesticides that 
contain organophosphate compounds are important for environmental pollution control. 
Even though the current detection methods are very precise, they are meant only for 
laboratory use, they require highly trained personnel, are expensive, cumbersome and the 
usage of a large number of reactants and chemicals is needed. Nanotechnology combined 
with specific enzymes that are influenced by the presence of organophosphates could offer 
the alternative of designing specific biosensors that are more suitable for on-site detection. 
With this PhD work I intend to approach one of the drawbacks that are commonly found in 
designing a platform for portable electrochemical detection systems: a good communication 
between the materials that make up a transducer and the biological component which will 
interact with the analyte. Cluster-assembled zirconia nanostructured thin films, as a 
transducer component, have been optimized for a suitable immobilization of 
Acetylcholinesterase enzyme that acts as a catalyst for the breakdown of Acetylcholine. 
Moreover, the implementation of zirconia has shown to improve the electron transfer when 
used as part of the transducer in electrochemical assessments, which makes it a suitable 
candidate for the development of detection platforms for environment monitoring based on 
electrochemical techniques. 
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1 
 
Introduction 
 
Nanotechnology has become in the past years one of the key factors in the 
development of biosensors used in fields such as food safety control, healthcare or 
environmental analysis. Current analysis methods are cumbersome, they require highly 
trained personnel, they are expensive and are not suitable for on-site usage. Therefore, a 
rapid, sensitive and user friendly device that can be used outside the laboratories by non-
trained personal is required.   
 
1.1 What is a biosensor? 
According to IUPAC (International Union of Pure and Applied Chemistry), a 
biosensor is an analytical device that contains a biological element used for the detection of 
a specific bio-analyte and a transducer that converts a biological signal into an electrical 
signal [1].  
A biosensing device consists of three elements: a bioreceptor, a transducer and a 
system that processes the signal (Fig. 1). 
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Fig. 1- Representation of the main components of a biosensor [2] 
 
The classification of a biosensor can be made according to the type of bioreceptor or 
the transduction mechanism that is used.  
Based on the transduction mechanism, there are: 
 Electrochemical 
 Piezoelectric 
 Calorimetric 
 Optical 
Depending on the type of bioreceptor implemented, biosensors can be classified as: 
 Enzymatic  
 Antibody based 
 DNA based 
 Cell based 
 Biomimetic 
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1.2. Electrochemical biosensors 
Among all types of biosensors, electrochemical detection devices are the most 
preferred due to their fast response time, the low-cost and also to the low complexity of 
handling by the users. The concept behind an electrochemical biosensor is the detection of 
an electrical signal correlated to an analyte concentration in a solution [3]. Many of the 
electrochemical detection systems do not require a complex instrumentation, 
microfabrication methods can easily be integrated in the production of the devices and they 
have a relative low-cost.   
Even though L. C. Clark first developed a biosensor for blood glucose detection in 
1962 [4], the path from research laboratories to the market of the portable electrochemical 
detection systems has been a cumbersome one. Issues as sensitivity, selectivity, rapid 
detection, ease of handling and simple production process of transducers have been the 
main challenges in order to develop biosensors for general use. Among the main tackled 
issues, the most important one is to realize a good interaction between the transducer and 
the biological component in order to obtain a good sensitivity and also to be able to 
maintain the integrity and activity of the bioreceptor. A solution for this issue is represented 
by the implementation of nanostructures that are biocompatible and also have good surface 
morphology characteristics to be appropriate for immobilization of biological compounds. 
 
1.3 Nanotechnology in biosensing applications 
A nanomaterial can be defined according to the European regulations as a material 
with at least one dimension in the range of 1-100 nm [5]. The main advantages of the 
implementation of the nanomaterials in the structure of biosensors are: an increased active 
surface area, enhanced electron transfer and a better implementation of the bioreceptor.  
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The type of nanostructures that are implemented in detection systems are 
nanoparticles, nanowires, nanotubes, nanorods or quantum dots [6], [7]. Materials like gold, 
carbon, zinc, titanium or zirconium are often used and characteristics like biocompatibility 
and the ease of biomolecule immobilization are taken into consideration when producing a 
biosensor [8], [9]. Among these materials, carbon- and gold-based nanostructures are the 
most commonly used.  
Gold nanoparticles are mainly used as components of biosensors due to their ability 
to increase the electronic signal when the biological material is in contact with the 
nanostructured surface [10]. For the development of amperometric biosensors several 
research groups have integrated noble nanostructures which were covered by a 
biorecognition element in order to enhance the amperometric signal [11], [12, [13].  
In the past decades carbon-based  nanostructures like graphene, carbon nanotubes, 
carbon nanofibers or carbon dots have been gaining more attention in the production of 
biosensors [14], [15]. Among all the carbon-based nanostructures, carbon nanotubes are the 
most intensively used in biosensing applications. Since their discovery in 1991 by Iijima, 
who first produced them by arc-discharge evaporation method [16] and their first 
integration in a biosensor by Britto et al. [17] they have been used in biosensing 
applications due to their higher sensitivity and faster response times compared to other 
carbon based electrodes [18], [19].  
The process of nanostructures production is an important factor for the development 
of research in nanoscience. There are two main production techniques: the “bottom-up” and 
“top-down” technique. 
When the “bottom-up” technique is used the nanostructured film is built starting 
from the bottom, by layering atom by atom/molecule by molecule/cluster by cluster, until 
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the desired structure is obtained and it is considered as a self-assembly process. Examples 
of “bottom-up” techniques are used for methods as electrochemical deposition [20], [21], 
screen printing [22], [23], chemical vapor deposition [24] or chemical deposition [25]. 
For the “top-down” technique, the bulk material is already available and processes 
like abrasion or etching are used to remove top layers of substrates until the design of the 
necessary film is acquired. One of the most common methods that use this technique is 
lithography [26].  
When designing a transducer for biosensing applications, with components that 
involve nanostructures, the choice of technique plays an important role. The “top-down” 
techniques allow patterns that are on a large scale to be reduced to nanoscale but are not 
cheap or quick to manufacture, and the produced films may come with many defects due to 
the abrasions. They are also slow and not very suitable for large scale production. With the 
“bottom-up” techniques, the number of defects is lower, the fabrication process is less 
expensive and it also involves less chemicals and solvents.  
1.4 Nanostructured zirconium oxide used in biosensing applications 
Among different types of material used for the development of detection devices for  
biological applications, nanostructured metal oxides (NMO) have shown great potential as 
matrices for immobilizing biological components onto the transducer component of 
biosensors [27], [28], [29]. 
Zirconia (ZrO2) represents an attractive material to be implemented in the design of 
transducers since it has a high thermal, mechanical and chemical resistance, it is 
biocompatible, it has a high affinity towards the groups containing oxygen and it also 
expresses a high ion exchange capacity and redox activity [30], [31, [32].  During the past 
years, ZrO2 nanostructures have been successfully implemented in the design of detection 
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platforms by many research groups. In biomedical applications, ZrO2 nanostructures have 
been used as part of biosensors for DNA detection [33], [34], detection of bilirubin [35], 
oral cancer or urea [36]. Besides biomedical applications, nanostructured ZrO2, both 
functionalized and unfunctionalized, have also been used as part of detection system for 
environmental pollution control [37], [38], [39], [40].  
1.5  Means of enzymatic immobilization onto nanostructured surfaces 
The immobilization process of enzymes onto different type of supports is the most 
important step when taking into consideration the design of a transducer for a biosensor. 
Even though many research groups have been working on the development of biosensing 
devices, the number of detection system that get from the laboratories into the market is 
very low, mainly because of the challenge represented by obtaining a good interaction 
between the biologic compound and the support material. In order to overcome this issue 
several aspects must be taken into consideration when an enzymatic immobilization is 
performed. First of all, the process should be simple and it should involve a small number 
of chemicals and therefore the functionalized transducers would be affordable by common 
users [41]. The catalytic activity of the enzyme should be maintained after the 
immobilization, there should be no leakage of the immobilized biological material and the 
amount of enzyme would have to be kept as low as possible.  
There are several methods of enzymatic immobilization onto nanostructured matrices 
for biosensing devices described in literature.  
The entrapment method of enzymatic immobilization is described as an irreversible 
method in which the enzyme of interest is caged by covalent or non-covalent bonds within 
gels or fibers [42]. With this method the substrate and the product are allowed to pass 
through, but the enzyme is kept inside the matrix.  The materials used for enzymatic 
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entrapment include polymers, sol-gels, polymer/sol-gel composites or other inorganic 
materials [43], [44]. Although it has been shown that by using this immobilization method 
the denaturation of the enzyme is avoided and that the mechanical stability is improved 
[45], there are some drawbacks when it comes to mass transfer between the analyte and the 
active site of the enzyme [46] or the possibility of enzyme leakage [47].   
Another method of enzymatic immobilization is the cross-linking or carrier-free 
method where the enzyme acts as its own carrier [47].The principle of this method is 
creating cross-linkages between the enzyme and the nanostructured surface. The most 
common and economical cross-linking agent is glutaraldehyde [48]. Although this method 
does not involve a support to prevent the enzyme leakage, it has been shown that it can lead 
to the dilution of the enzyme [47] and it can be also very costly [49].  
One of the most commonly used method for irreversible enzyme immobilization is 
the covalent binding and the principle of this method involves using the functional groups 
of the enzyme that don’t have a role in the catalytic activity. This immobilization method 
has been shown to be very effective in the case of enzymes of which activity can be 
restored and compared to other methods, it is possible to reuse the immobilized enzymes 
more often than other methods allow [50]. 
For enzymes of which the activity cannot be restored the most appropriate 
immobilization method is represented by the physical adsorption onto the nanostructured 
surfaces. It is one of the most simple immobilization methods since it does not require 
additional chemicals. For this reason as well as its low cost and the capability of retaining a 
higher enzyme activity, this method has a higher commercial potential [51]. 
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1.6 Acetylcholinesterase as component of a transducer used in 
electrochemical biosensing- Case of study 
Given the knowledge and vast experience of our group in the production of 
nanostructured materials through a “bottom-up” technique [52] and also the studies 
performed on the interaction of biological components with nanostructured thin films [53], 
I took the advantage to develop a cluster- assembled nanostructured zirconia thin film (ns-
ZrO2) for the realization of a detection platform suitable for biosensing applications.  
The case studied in this work presents the use of Acetylcholinesterase enzyme as a 
catalyst for the electrochemical detection of Thiocholine (TCh).  
1.6.1 The importance of Acetylcholinesterase in the neurotransmission 
process  
Acetylcholinesterase (AChE) is an enzyme located in the post-synaptic membrane 
and its main role is to catalyze the breakdown of acetylcholine (ACh) which functions as a 
neurotransmitter [54]. In a normal functioning environment, ACh is released from the pre-
synaptic neuron and it is captured by the ACh receptors located in the post-synaptic neuron 
or muscle cell. When this happens, a signal is generated from the post-synaptic neuron and 
the release of AChE takes place. The AChE has the role of breaking down the unbound 
ACh into choline and acetic acid that will be reabsorbed by the pre-synaptic neuron and 
they will be transformed once again into ACh [55]. AChE is the primary enzyme that is 
inhibited by organophosphorus compounds found in nerve agents or pesticides. Once the 
enzymatic activity is inhibited, the released ACh can no longer be broken and the 
consequences of this process lead to neurological damages, paralysis, seizures and death 
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[56]. A schematic representation of the AChE in the neurotransmission is represented in 
Fig. 2.   
 
 
Fig. 2 – Schematic representation of the role of AChE in the neurotransmission process 
[57] 
 
1.6.2 Organophosphates and their influence on the nervous system 
Organophosphate (OP) is a general term for esters of phosphoric acid. They are basic 
components found in pesticide, insecticide and nerve agents [58]. During the World War II, 
OPs have been at the base of known nerve agents like Sarin, Soman and VX nerve agent 
[59]. Since 1930, when this compound was developed by Gerhard Schrader for the IG 
Farben Company, it has been used as an insecticide and nowadays it still represents 50 % of 
used pesticides worldwide.  
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Fig.3. – Schematic representation of the pesticide cycle in nature [60] 
 
Even though a big part of the pesticides activity is degraded by elements found in air 
and soil, intensive usage of these chemicals leave a higher level of residues that are 
deposited in water and soil and become dangerous for the environment as well as for the 
inhabitants of the area where the substances are used. A schematic representation of the 
cycle of pesticides in nature can be observed in Fig. 3. 
Two of the most common commercialized pesticides based on OP compounds are 
Parathion and Malathion, which are frequently used in parks and public areas for mosquito 
control [61].  
In section 1.6.1. the normal mechanism of AChE activity has been described. The 
inhibition process of the AChE enzyme can be reversible or irreversible. In the case of a 
reversible inhibition, the enzyme activity is stopped between a few seconds to a few 
minutes and afterwards the biological processes return to a normal function. In the case of 
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the irreversible inhibitors the biological function is stopped without any possibility of 
recovery and therefore leading to neurological damage [62] (Fig. 4).  
 
Fig. 4- Schematic representation of a normal hydrolysis in the esteratic site of the AChE 
enzyme (top image) in comparison to an irreversible inhibition process and a blockage of 
the binding site of the enzyme in the case of OPs usage (bottom image) [63] 
 
1.6.3 Current methods of detection for organophosphorus compounds 
Besides public areas, OP based pesticides are still intensively used for crop 
protection in developing countries and residue traces infiltrate in the soil, contaminating 
water sources and still represent a danger for the environment as well as for the population 
that inhabits the treated area [64]. 
In terms of OP contamination analysis, laboratory methods like gas chromatography 
[65], [66], high purity liquid chromatography (HPLC) [67] or fluorescence spectroscopy 
[68] are the main detection methods used. Although they are very precise and sensitive, 
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these methods are not suitable for on-site detection and they require highly trained 
personnel, are very expensive and require a high number of chemicals. Therefore, a higher 
demand for portable, sensitive, cheap and easy to use detection devices for OPs has been 
expressed. 
In recent years, many research groups have been focusing on developing portable 
biosensors for OPs that are robust, precise and easy to use by consumers on-site.  
Many research groups that have been working in the past years on the development of 
biosensors for OPs analysis use enzymatic detection with AChE as primary enzyme or bi-
enzymatic systems [69], [70], [71], [72]. 
There are several techniques used in the enzymatic detection of OPs, such as optical 
methods [73] or fluorescence analysis [74], [75] but the most commonly used detection 
technique is the electrochemical method. Electrochemical detection systems for OPs that 
involve using AChE enzyme as biocatalyst are based on the anodic oxidation of the 
enzymatic product TCh, process that is described in more detail in Section 2.6. 
Voltammetric [76], [77] or impedance spectroscopy methods [76] have been used by 
several research groups but the most common electrochemical mean of TCh detection is the 
amperometric method [78], [79], [80], [81].   
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1.7. Aim of the project 
 
The aim of this PhD project was to design and characterize a detection platform, 
based on cluster-assembled zirconia nanostructured thin film functionalized with 
Acetylcholinesterase, suitable for biosensing application in the field of environmental 
monitoring. The proof of concept to demonstrate the feasibility of the platform was to 
electrochemically detect TCh generated from the enzymatic reaction using AChE 
immobilized onto the nanostructured material, with a low limit of detection.  
 
Fig.5. - Concept of OPs enzymatic electrochemical detection using immobilized AChE as 
biocatalyst for synthetically produced TCh  
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2 
 
Materials and methods 
 
In this chapter, the materials and methods used for the development of the PhD study 
will be presented, along with a short theoretical overview for the background of the used 
techniques.  
 
2.1 Electron beam evaporation 
Electron beam (or E-beam) evaporation is a form of physical vapor deposition (PVD), 
technique which can be used to evaporate materials that cannot be processed through 
normal thermal evaporation. The working principle of an E-beam evaporator is based on 
generating an electron beam when an electrical current is applied to a tungsten filament. 
The electrons produced from the filament are then focused by magnets so they can reach 
the crucible which contains the material that needs to be evaporated. This process takes 
place in high vacuum chambers and it represents an ideal method for evaporating materials 
with high melting points like gold or titanium. Unlike other evaporation techniques, the E-
beam evaporation heats only the material of interest and not the entire crucible, reducing 
therefore the risks of sample contamination and also reducing the possible damages of the 
substrate due to overheating [82], [83].  
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Experimental 
For the production of the modified electrodes, borosilicate glass coverslips with a 
diameter of 24 mm have been previously cleaned with ethanol under ultrasonication for 15 
minutes, rinsed with deionized water and then dried with nitrogen flow. After cleaning they 
were placed in a sample holder and put in the e-beam evaporator. Once the pressure inside 
the deposition chamber was brought to 6.0 X 10-6 mbar and the beam was set at a voltage of 
6kV, a flat thin film (15 nm thickness) of titanium was deposited while keeping a current 
value of 100 mA and a material deposition rate of 0.2 Å/sec. After reaching the desired film 
thickness, the beam was turned off and the titanium crucible was replaced with the one 
containg gold. For the evaporation of the gold thin film (160nm thickness), the beam was 
turned back on and the voltage was set to 8 kV. The current used for the evaporation 
process was set at 320 mA and the deposition rate was kept at 0.2 Å/sec. 
 
2.2 Supersonic cluster beam deposition technique 
The cluster-assembled ZrO2 nanostructured thin films were produced with the 
Supersonic Cluster Beam Deposition (SCBD) technique. The process takes place under 
high vacuum conditions and it implies the production of a supersonic seeded beam of ZrO2 
by a pulsed microplasma cluster source (PMCS). A schematic representation of the 
apparatus can be seen in Fig. 6 A and B.  
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Fig. 6 A- Schematic representation of the SCBD apparatus (adapted with 
permission [84]) 
B - Schematic representation of the elements used for the development of the 
modified electrodes 
 
The SCBD apparatus consists of two differentially pumped vacuum chambers, the 
first chamber called the ‘expansion chamber’ and the second one, the ‘deposition chamber’, 
which are separated by a gate. The cluster source (PMCS) is located in the expansion 
chamber and it consists of a ceramic hollow body in which an inert gas is introduced (Ar or 
He) through a pulsed valve (the pulse duration of the valve is of the order of hundreds of 
microseconds, at a pressure of 40 bar, and a repetition rate from 2 to 4 Hz). In the ceramic 
body there is also a rotating target that represents the cathode (for this study we are using a 
zirconium rod). When there is a high voltage applied between the cathode and the anode 
(850 V), the zirconium rod is sputtered and the vapor condenses into clusters which will be 
then extracted from the source through an expansion nozzle. A schematic representation of 
the PMCS can be observed in Fig. 7. 
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Fig.7. – Schematic representation of the pulsed microplasma cluster source (PMCS) [85] 
 
The use of SCBD technique for the production of cluster assembled nanostructures 
allows a very good control of the cluster mass distribution and of the kinetic energy and it 
is possible to obtain high deposition rates [86] and well collimated beams [87]. The surface 
morphology characteristics such as roughness of the deposited thin films can be well 
controlled by adjusting the thickness of the deposited material since these two parameters 
are correlated by the calibration curve as shown in Fig. 8. 
Surface morphology characteristics of the deposited thin films can be tuned 
depending on the application requirements, by adjusting the deposition rate, the distance 
between the exit point of the seeded beam and the substrate onto witch we are making the 
deposition or the type of gas that is used [84].  
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Fig. 8 – Roughness Vs Thickness calibration curve- Log-log plot of the evolution of 
roughness of cluster-assembled ZrO2 nanostructured thin film with thickness at room 
temperature and the corresponding linear fit [88] 
 
2.3 Surface morphology characterization of nanostructured zirconia- 
Atomic Force Microscopy analysis 
Atomic force microscopy (AFM) is a type of Scanning Probe Microscopy, derived 
from the Scanning Tunneling Microscopy (STM), when researches tried to develop a 
technique that was able to investigate electrically non-conductive materials like proteins 
[89], [90]. AFM is a high resolution scanning probe tool that helps obtaining direct images 
of material surfaces but can also give details regarding film roughness. In Fig. 9 a 
schematic representation of the operation principle of the AFM can be observed.  
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Fig. 9– Schematic representation of the operating principle of the AFM [91] 
 
A very small sharp probe (nm size) is situated at one end of an elastic cantilever and 
scans an area of the surface of the sample. During the scanning process, the tip moves a few 
hundred Angstroms and a deflection of the laser aligned onto the cantilever is recorded at 
every interaction between the tip and the surface. There are two main operating modes of 
the AFM, contact or tapping mode. In the contact mode the tip has a physical contact with 
the surface of the sample, contact that causes the bending of the cantilever and the 
deflection can be measured. In the tapping mode, an oscillation of the cantilever is 
measured when the tip comes near the sample’s surface. Unlike the contact mode, the 
tapping mode provides a higher resolution and the sample damaging can be kept to a 
minimum.  
Experimental  
To characterize the surface morphology of the modified electrodes, a Multimode 
AFM equipped with a Nanoscope III Controler (Veeco Instruments) was used. The mode of 
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operating was tapping mode by using single crystal silicon tips (5-10 nm size) and the 
cantilever resonance was kept in the range of 200-300 kHz. The surface was characterized 
for areas of 2 μm x 1 μm, the scan rates were kept in the range of 1.5-2 Hz for each sample 
and the sampling resolution was 2048 x 512. For each sample three images were acquired 
and then processed using MATLAB® program [92]. During processing, the images have 
been flattened by line-by-line subtraction of the first and second order polynomials for 
artifacts removal due to sample tilt and scanner bow. From the AFM images, root-mean-
square surface roughness (Rq) was calculated according to Eq. 1: 
  Eq.1 
Where hij are the height values in the topographic map, N is the number of pixels and 
ħ is the average height.  
For all types of the modified electrodes as well as the bare Au samples, specific area, 
thickness and roughness characteristics were determined.  
 
2.4 Electrochemical characterization of the modified transducers 
Electrochemical assessments are usually performed in electrochemical cells with 
three electrodes setup, working electrode (WE), reference electrode (RE) and counter or 
auxiliary electrode (CE). The CE has the role of closing the current circuit in the 
electrochemical cell and it is usually made out of inert materials like platinum, gold or 
glassy carbon and it is not involved in the electrochemical reaction. Normally, the size of 
the CE must be 10 times larger than the size of the WE so the kinetics of the reaction will 
not be limited. The RE is the electrode with a stable and well-known potential and it is used 
as a point of reference in the electrochemical cell. With the help of the CE, the current flow 
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through the RE is kept close to zero. For the aqueous standard RE, hydrogen, saturated 
calomel or silver chloride is used. The WE is the electrode at which the reaction of interest 
takes place [93]. The common materials from which the WE are made of are inert materials 
such as gold, silver, platinum or glassy carbon. In Fig.10 a schematic representation of a 
general three-electrode electrochemical cell can be observed.  
 
Fig.10- Schematic representation of a three-electrode electrochemical cell setup [94] 
 
There are two main methods to determine the electrochemical behavior of electrodes, 
Cyclic Voltammetry and Electrochemical Impedance Spectroscopy. 
Cyclic Voltammetry (CV) is a potentiometric electrochemical technique and it is the 
most commonly used method to study electroactive species. It is usually the first form of 
electroanalysis performed by researches when it comes to studies regarding compounds, 
biological materials or electrodes surface [95]. When performing a CV measurement, the 
current at the working electrode is measured while the potential is controlled versus a RE. 
The potential applied to the WE is scanned linearly form a chosen starting point to a 
predetermined limit (interval known as ‘scan range’) and the current response is plotted as a 
function of potential. Fig. 11 shows a typical cyclic voltammogram for a redox reaction.   
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Fig. 11 – Cyclic voltammogram of a single electron oxidation-reduction reaction [95] 
 
When interpreting a cyclic voltammogram, the parameters of interest are: 
Epc - the cathodic peak potential at which the oxidation of the electroactive species 
takes place 
Ipc - the cathodic peak current of the oxidation process 
Epa - the anodic peak potential at which the reduction of the electroactive species 
takes place 
Ipa - the anodic peak current for the reduction process 
Once these parameters are determined, the reversibility of the process can be 
evaluated. For this, the peak potential separation at all scan rates is calculated according to 
the Eq. 2. 
ΔEp = (Epc - Epa) = 59.2/n mV     Eq. 2 
where n represents the number of electrons transferred 
 
Another parameter to be determined is the current peak ratios according to the Eq. 3 
Ipa/Ipc = 1     Eq. 3 
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The last parameter to be determined is the dependence of the current peaks to 
different scan rates. For this, CVs in the presence of the same concentration of the 
electroactive species are submitted to different scan rates and the current peaks are 
measured. In a normal reversible reaction the current peaks should decrease linearly with 
the decrease of the scan rate.  
The second electrochemical method used for characterizing the electrochemical 
behavior of working electrodes in the presence of the chosen electroactive species is 
Electrochemical Impedance Spectroscopy (EIS). This electrochemical method represents a 
very complex, accurate and non-destructive mean of analyzing complex electrochemical 
resistances of a system and when it is used for biosensing it provides important information 
regarding the binding events on the transducer surface [96].     
The principle behind this method is based on Ohm’s law and it consists of measuring 
the response of a WE to a sinusoidal potential modulation at different frequencies (Eq. 4). 
These modulations can be superimposed either to an applied cathodic or anodic potential, 
where the reaction of interest takes place, or to an open circuit potential.  
E= I Z    Eq. 4 
Where     E= Potential 
I= Current 
Z =Impedance 
 
There are two formats of evaluating the data obtained with EIS. The first one is by 
using the Nyquist plot, where the imaginary impedance component (Z”) can be plotted 
against the real impedance component (Z’). With the Nyquist plot it is possible to obtain 
information regarding the solution resistance (Rs), Ohmic resistance and estimation of the 
 36 
 
circuit components involved in the electrochemical process. Although some of the circuit’s 
elements are easy to read from the Nyquist plot, it doesn’t give information regarding the 
electrode capacitance. The frequency information necessary for the double layer 
capacitance (Cdl) can be read with the help of the second format, the Bode plot. With the 
Bode plot, we are able to plot |Z (ω)| and phase shift (ɸ) versus frequency (log ω) [97]. 
With all the combined information obtained from the Nyquist and the Bode plots, it is 
possible to obtain an equivalent electrical circuit model form which we can determine all 
the resistance and capacitance components encountered in the circuit of interest.  
Experimental 
The electrochemical assessments have been carried out using a Reference 600 
potentiostat/galvanostat purchased from Gamry Instruments Inc. Both CV and EIS 
characterizations have been performed in a three- electrode electrochemical cell setting. 
The electrochemical cell used was a “home-made” Teflon cylindrical cell, with a working 
volume capacity of maximum 500 μL and a diameter of 0.6 cm. As RE a “home-made” 
Ag/AgCl [98] quasi reference electrode has been used and a Pt wire was used as a CE.  
“Quasi” reference electrodes have been produced by an electrodeposition of Ag/AgCl 
onto a gold wire according to the protocol described in [98]. After production, the “quasi” 
RE was calibrated by using a commercial Ag/AgCl RE confined in a saturated potassium 
chloride solution (KCl), as followed: three separate beakers containing 0.35 M, 0.7 M and 
3.5 M KCl solution were prepared. The commercial and the “quasi” REs were connected to 
a digital multimeter and dipped into each beaker starting from the most concentrated KCl 
solution and the potential difference was registered. The obtained potential differences were 
plotted against the logarithm of the concentration and from the slope of the linear fit a 
potential close to 59 mV was obtained. By using ‘pseudo’ REs that can be directly 
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immersed into the electrolyte solution, the effect of the Ohmic resistance is small, the liquid 
junction potential is inexistent and the test solution will not be contaminated by the solvent 
molecules that can be in a conventional RE. The obtained “quasi” RE was kept in a 
saturated KCl solution between experiments and its quality was tested before every usage.     
After producing the “quasi” REs, the electrochemical characterization of the ns-ZrO2 
modified electrodes has been performed. The experiments have been performed in 0.1 M 
PBS (pH=7.5) and afterwards in different concentrations of potassium 
ferrocyanide/ferricyanide (Fe3+/Fe2+). For CV measurements, a scan rate of 50 mV/s was 
set for a range between -0.5 V to +0.5 V. For the square root of the scan rate measurements, 
rates of 20 mV/s, 50 mV/s and 100 mV/s were chosen.  
The EIS measurements were also performed in the presence and absence of the 
electroactive species Fe3+/Fe2+ in 0.1 M PBS (pH=7.5) over a frequency range of 500 KHz 
to 100 mHz.  
Data analysis of the obtained results was obtained using the Gamry Analyst program. 
 
2.5. Enzymatic production of thiocholine 
Acetylcholinesterase enzyme helps catalyzing the hydrolysis of acetylcholine into 
two compounds, choline and acetic acid [54]. Since choline is not an electroctive species 
and it can’t be detected through electrochemical techniques, Acetylthiocholine (ATCh), an 
artificial analogue of acetylcholine, can be used a substrate to generate TCh which is an 
electroactive compound (Scheme 1) [99]. The synthetically produced TCh and the 
enzymatic activity can be assessed spectrophotometrically at 412 nm wave length, using the 
Ellman’s method. Basically, the thiol groups in the thiocholine react with the Ellman’s 
 38 
 
reagent (DTNB) and form TNB (5-thio-2- nitrobenzoate) (Scheme 2), a yellow compound 
that can be read with the spectrophotometer [100].  
 
 
 
Experimental  
Since TCh is not commercially available, it was produced daily by enzymatic means. 
For this, 1 mL of 0.5 M of ATCl was prepared in a phosphate buffer solution 0.1 M with a 
pH=8. To this solution, 10 U of AchE were added and the mixture was left to incubate for 2 
hours. After incubation, the concentration of the obtained TCh was assessed 
spectrophotometrically with Ellman’s method. For this, 2.7 mL of PBS (0.1 M, pH=8) were 
added in a cuvette along with 300 μL of DTNB solution of 0.1 M and 15 μL of TCh (after it 
was diluted 1:100 from the stock solution). The obtained enzymatic product was assessed 
spectrophotometrically at a wave length of 412 nm and the absorbance was measured at 
different times. From the absorbance values obtained, the real concentration of TCh was 
evaluated using the Lambert-Beer law with the known molar extinction coefficient of TNB 
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(ε=13,600 M-1 cm-1). Therefore, we obtained 1mL of TCh solution of 0.5 M. The TCh stock 
solution was used only for 24 hours and it was kept at 4oC. 
 
2.6. Amperometric detection of Thiocholine 
Chronoamperometry (CA) is an amperometric method in which a potential step is 
applied to the working electrode and the obtained current is measured versus time. CA is 
suitable for the study of the kinetics of a chemical reaction, adsorption or diffusion 
processes. In the case of enzymatic products, the information obtained with CA can be used 
to determine the limit of detection (LOD) of a sensor. The LOD of a biosensor is 
represented by the lowest quantity of the analyte that can be detected from a blank value 
within a confidence limit [101]. This value can be determined by using the formula: 
LOD= (k* sb)/m 
Where: k corresponds to the value of confidence level and is chosen to be 2 for a 
level of confidence above 90% or 3 for a confidence level above 98% 
sb is the standard deviation of the blank 
m is the calibration sensitivity 
 
Experimental 
Before the electrochemical detection of TCh, the electrochemical influence of two 
types of substrate has been tested. For this Acetylthiocholine Chloride (ATChCl) and 
Acteylthiocholine Iodide (ATChI) substrates have been used in a concentration of 0.5 M in 
a PBS solution of 0.1 M (pH=7.5). The influence of these substrates has been assessed by 
CV means and the appropriate substrate was chosen for the enzymatic production of TCh.  
For the amperometric detection of TCh 3 electrochemical methods have been used. 
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The first electrochemical method used was CV and its main purpose was to determine 
the potential at which the oxidation of TCh takes place. For this, CVs were taken at a 50 
mV/s scan rate, with a scanning interval between of 0.2 to 0.9 V. CVs were performed first 
in a simple PBS solution of 0.1 M (pH=8) and afterwards different concentrations of TCh 
were added in order to determine the oxidation potential.  
Secondly, EIS measurements were performed using a fixed potential obtained from 
the CV assessment, in PBS solution (0.1 M, pH=8) in the presence of 4 different TCh 
concentrations in order to determine the double layer capacitance (Cdl) and charge transfer 
resistance (Rct) values. The information obtained with EIS was processed using Gamry 
Analyst and the Cdl and Rct values were obtained after finding an appropriate model fit for 
the equivalent electric circuit.  
The amperometric detection of TCh was performed using chronoamperometry (CA). 
For this, the potential found for the anodic oxidation of TCh was set during the entire 
measurement, and after equilibrium was reached with simple 0.1 M PBS solution, different 
TCh concentration were added to the electrochemical cell, while maintaining a continuous 
stir of the solution. The current steps were recorded and the peaks for each concentration 
were plotted together in a graph. From the slope of the obtained curve we were able to 
calculate the limit of detection (LOD) of our system.  
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3 
 
Results and Discussion 
 
 
In the third chapter, the results obtained for this PhD study will be presented. This 
chapter will be divided into three sections. The first section will be assigned to the 
morphological and electrochemical characterization of the first generation of ns-ZrO2 
modified electrodes, the second section will be represented by the morphological and 
electrochemical characterization of the second generation of ns-ZrO2 modified electrodes 
and the third section will contain the results obtained from the electrochemical detection of 
TCh using the second generation of ns-ZrO2 modified electrodes.   
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 3.1. Nanostructured Zirconia  
 
By using SCBD, the gold electrodes were modified with cluster assembled ZrO2 
nanostructured thin films as described in Section 2.2. For the morphological 
characterization and the electrochemical behavior assessments two generations of 
electrodes have been used. For the preliminary morphological and electrochemical studies, 
modified electrodes with ns-ZrO2 thicknesses ranging from 50 nm to 200 nm have been 
used. After completing the preliminary studies, the second generation of modified 
electrodes with tailored surface morphology characteristics has been produced and the 
thickness of ns-ZrO2 thin films ranged between 30 nm and 100 nm.  
 
3.1.1. Morphological characterization of first generation of modified 
electrodes 
Since the thickness of the ns-ZrO2 thin films plays an important role in the 
electrochemical behavior of the modified transducers and the surface roughness has been 
shown to influence the immobilization process of the biological materials, AFM 
morphological characterization has been performed on all the types of the modified 
transducers. From the topographical maps presented in Fig. 12 A-C as well as the data 
presented in Tab 1. an increase in  thickness and roughness can be seen for the samples 
containing ns-ZrO2. Also it is noticeable that when the thickness of the ns-ZrO2 layer 
increases, the roughness of the surface increases proportionally.  
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Fig.12 – AFM analysis of nanostructured ZrO2 surfaces with increased level of thickness; 
A-C:  AFM topographic maps of the modified electrodes showing uniform evolution in the 
surface morphology with increasing film thickness;  
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Table 1. - Thickness and morphology assessment values performed by tapping-mode AFM 
on cluster-assembled ZrO2 nanostructured thin films grown by means of SCBD 
 
3.1.2. Electrochemical assessments preparation- “Quasi” Reference 
electrode production 
The calibration curve obtained for the “quasi” reference electrode with the help of a 
commercial Ag/AgCl RE can be observed in Fig. 13. From the linear fit of the obtained 
calibration curve, the potential of the “quasi” RE can be determined. The quality of the RE 
can be easily tested before every usage, eyesight by noticing changes in the AgCl layer and 
also with the help of the multimeter by assessing changes in potential differences.  
 
Fig. 13- Calibration curve of the “Quasi” RE in KCl solution of difference concentrations 
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3.1.3. Electrochemical behavior of first generation of the modified 
electrodes – Cyclic Voltammetry study 
 
Fig.14. - Cyclic voltammograms for all types of ns-ZrO2 modified working electrodes 
compared to the bare Au (Control) in the presence of 10 mM Fe3+/Fe2+ and 0.1 M PBS 
(pH=7.5) at a scan rate of 50 mV/s 
 
 
 
 
 
Table 2- CV data of anodic and cathodic current peaks as well as the peak-to-peak 
separation for all types of ns-ZrO2 modified working electrodes compared to the bare Au  
 
CV study data presented in Fig. 14. and Table  2. show that by depositing  ns-ZrO2 in 
various thicknesses onto the thin film of Au, the electrochemical behavior of the electrodes 
is maintained. This fact is due to the increased surface area offered by the deposited ns-
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ZrO2, thus we are able to obtain an increased electron transfer process, comparable to bare 
Au electrodes.  
 
3.1.4. Electrochemical behavior of first generation of the modified 
electrodes – Electrochemical impedance spectroscopy  study 
EIS assays performed in the presence of a commercial electrolyte have been used for 
the electrochemical behavior characterization in terms of charge transfer resistance and 
double layer capacitance of the modified electrodes compared to control samples (Fig. 15).  
 
Fig.15. - Nyquist plot of the commercial electrolyte (10 mM Fe3+/Fe2+ and 0.1 M PBS 
pH=7.5) at the surface of the modified electrodes compared to bare Au sample at open 
potential circuit 
The impedance data obtained has been fitted by using a Randles circuit model (Fig. 
16) and Rct and Cdl values have been determined (Table 3). Within the Randles circuit, a 
constant phase element (CPE) has been used as the equivalent for the double layer 
capacitance. 
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Fig.16. - Representation of the Randles circuit model where Rs is the solution resistance, 
CPE is the constant phase element, Rct is the charge transfer resistance and W is the 
Warburg element associated with the diffusion process at low frequencies 
 
 
 
 
 
 
Table 3- Charge transfer resistance, solution resistance and double layer capacitance values 
for the modified electrodes and bare Au sample in commercial electrolyte solution 
 
Given the obtained results it can be noticed that the Rct values for the modified 
electrodes are higher when compared to bare Au, reaction that is expected with the addition 
of ns-ZrO2 thin films. When comparing only the modified electrodes it is noticeable that the 
resistance decreases once the ns-ZrO2 layer increases. This phenomenon can be explained 
by the fact that the active surface area is increased and a faster electron transfer is 
sustained. On the other hand, once the ns-ZrO2 layer is increased the modified electrodes 
are showing a behavior that is more capacitive, meaning that the diffusion process takes 
place longer.  
 
Type of sample Rs (Ohm) Rct (Ohm) Cdl (μF/cm2) 
Bare Au 17.5 7.8 54 
NS-1 21.1 19.24 30.5 
NS-2 19.1 16.34 33 
NS-3 18.42 14.93 43 
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3.2.1 Morphological characterization of second generation of the modified 
electrodes 
Given the results obtained from the characterization of the first generation of the 
modified electrodes, it has been noticed that the thickness of the ns-ZrO2 thin film layers 
does not influence in a negative manner the electrochemical behavior of the electrodes. 
Therefore, for the second generation of modified electrodes the surface morphology 
characteristics have been tailored in terms of thickness and roughness in order to develop 
an appropriate platform for the immobilization of AChE for electrochemical detection of 
TCh.  
In Table 4 as well as the data presented in Fig. 17 A-D. The topographical maps of 
the modified electrodes can be observed.  
 
 
 
 
 
 
 
 
Table 4. – Thickness and morphology assessment values performed by tapping-mode AFM 
on cluster-assembled ZrO2 nanostructured thin films grown by means of SCBD 
Type of sample Thickness    
(nm) 
Roughness 
(nm) 
Bare Au (Control)        160±9 1±0.1 
NS 1         35±7 9.1±0.1 
NS 2         61±8 10.2±0.1 
NS 3        100±10 11.3±0.1 
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Fig.17 – AFM analysis of nanostructured ZrO2 surfaces with increased level of thickness; 
B-D : Three-dimensional visualization of AFM topography along with cross section 
profiles showing uniform evolution in the surface morphology with increasing film 
thickness; A- Surface topography of E- beam evaporated Au used as control 
 
For the second generation of modified electrodes ns-ZrO2 thin film thicknesses range 
from 30 nm to 100 nm and the roughness of the ns-ZrO2 surface and the roughness of the 
surface has been tailored in a range comprised between 9 nm and 11 nm.  
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3.2.2. Electrochemical characterization of second generation of the 
modified electrodes- Cyclic voltammetry study 
 
 
Fig.18. -  Cyclic voltammograms for all types of ns-ZrO2 modified working electrodes 
compared to the bare Au (Control) in the presence of 10 mM Fe3+/Fe2+ and 0.1 M PBS 
(pH=7.5) at a scan rate of 50 mV/s 
 
 
 
 
Table 5 - CV data of anodic and cathodic current peaks as well as the peak-to-peak 
separation for all types of ns-ZrO2 modified working electrodes compared to the bare Au  
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In Fig. 18 and Table 5 the results of the CV studies performed for the second 
generation of modified electrodes are presented.  The results obtained are comparable to the 
ones seen in the case of the first generation of electrodes and moreover it can be noticed 
that by decreasing the roughness of the ns-ZrO2 thin film we can still obtain an 
electrochemical behavior compared to the bare Au electrodes.  
The influence of the ns-ZrO2 thin film layer on the electrochemical behavior of the 
modified WE has been further tested by calculating the square root of different scan rates in 
the presence of Fe3+/Fe2+ electrolyte. The obtained results can be observed in Fig.19-21. 
Analyzing the cyclic voltammograms for all 3 types of modified electrodes as well as 
the current vs. square root of the scan rate dependency, it can be observed that by 
increasing the scan rate, the anodic and cathodic current peaks increase linearly as well as 
the Δ Ep values, as expected for a fast electron transfer process with diffusion regime. Also 
the ratio of the anodic and cathodic peak heights is close to 1 for all electrodes, indicating 
the reversible character of the redox process. 
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Fig 19 a- Cyclic voltammograms for NS-1 working electrodes performed in Fe3+/Fe2+ at 
different scan rates (20 mV/s, 50 mV/s and 100 mV/s) 
 
 
Fig 19 b- Variation of anodic and cathodic current peak with the square root of scan rate 
for the NS-1 working electrodes 
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Fig 20 a- Cyclic voltammograms for NS-2 working electrodes performed in Fe3+/Fe2+ at 
different scan rates (20 mV/s, 50 mV/s and 100 mV/s) 
 
Fig 20 b- Variation of anodic and cathodic current peak with the square root of scan rate 
for the NS-2 working electrodes 
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Fig 21 a- Cyclic voltammograms for NS-3 working electrodes performed in Fe3+/Fe2+ at 
different scan rates (20 mV/s, 50 mV/s and 100 mV/s) 
 
Fig 21 b- Variation of anodic and cathodic current peak with the square root of scan rate 
for the NS-3 working electrodes 
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3.2.3. Electrochemical characterization of second generation of the 
modified electrodes - Electrochemical impedance spectroscopy study 
 
In Fig. 22 and Table 6 the solution resistance (Rs) of PBS obtained by EIS assay at 
the surface of the modified electrodes can be observed. As expected, Rs values of the 
modified electrodes are higher compared to the one obtained with the bare Au electrode. 
This fact is due to the changes in the geometry of the modified electrodes, since it is known 
to be one of the influencing factors.  
 
Fig.22. – Nyquist plot of PBS (0.1 M, pH= 7.5) at the surface of the modified transducers 
compared to bare Au electrodes 
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Table 6. - Solution resistance values for the modified electrodes and bare Au 
(Control) in PBS solution 
 
Fig.23. - Nyquist plot of the commercial electrolyte at the surface of the modified 
electrodes compared to bare Au sample at open potential circuit 
 
EIS assays performed in the presence of a commercial electrolyte have been used for 
the electrochemical behavior characterization in terms of charge transfer resistance and 
double layer capacitance of the modified electrodes compared to control samples (Fig. 23). 
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The impedance data obtained has been fitted by using a Randles circuit model and Rct and 
Cdl values have been determined (Table 7). 
 
Table 7- Charge transfer resistance and double layer capacitance values for the modified 
electrodes and bare Au sample in commercial electrolyte solution 
 
Analyzing the results obtained in terms of Rct and Cdl of the modified electrodes we 
can observe that for the NS-1 and NS-3 the Rct is lower, therefore indicating a faster 
electron transfer. On the other hand, the Cdl values for the same type of samples are doubled 
when compared to the bare Au samples which indicate a capacitive behavior of these types 
of modified electrodes. In the case of the modified electrodes NS-2 even though the 
electron transfer is much slower, the low Cdl values show that there is a diffusion process.  
In Fig. 24-27 and Table 8-11 the electrochemical behavior of the modified electrodes 
in terms of charge transfer resistance and double layer capacitance in the presence of 
different concentrations of a commercial electrolyte at open potential circuit, is presented. 
Analyzing the obtained data, it can be observed that by increasing the concentration 
of the electrolyte both Rct and Cdl decrease for all the types of produced electrodes.  
Type of sample Rct (KOhm) Cdl (μF/cm2) 
Bare Au 5.5 12 
NS-1 6.3 24 
NS-2 32 15 
NS-3 16 21 
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When a lower concentration of electrolyte is used, the electrochemical behavior of the 
modified electrodes maintains the same trend in characteristics as seen when higher 
concentrations are used. 
 
 
Fig. 24- Nyquist plot of different concentration of commercial electrolyte solution at the 
surface of bare Au electrode 
 
 
 
 
 
 
Table 8. - Charge transfer resistance and double layer capacitance values for the bare Au 
sample in commercial electrolyte solution with different concentrations 
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Fig. 25- Nyquist plot of different concentration of commercial electrolyte solution at the 
surface of NS-1 modified electrodes 
 
 
 
 
 
 
Table  9- 
Charge transfer resistance and double layer capacitance values for the NS-1 modified 
electrodes in commercial electrolyte solution with different concentrations 
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Fig. 26- Nyquist plot of different concentration of commercial electrolyte solution at the 
surface of NS-2 modified electrodes 
 
 
 
 
 
 
 
Table 10. - Charge transfer resistance and double layer capacitance values for the NS-2 
modified electrodes in commercial electrolyte solution with different concentrations 
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Fig.27. - Nyquist plot of different concentration of commercial electrolyte solution at the 
surface of NS-3 modified electrodes 
 
 
 
 
 
 
 
Table 11. - Charge transfer resistance and double layer capacitance values for the NS-3 
modified electrodes in commercial electrolyte solution with different concentrations 
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3.3.1. Enzymatic production of Thiocholine 
 
Fig.28. – Calibration curve for Thiocoline using the spectrophotometric method 
 
In Fig.28. the results obtained after the spectrophotometric assessment of 
enzymatically produced TCh can be observed. By using the Lambert-Beer law as described 
in Section 2.5 the final TCh concentration was determined to be 0.5 M.  
 
3.3.2. Electrochemical detection of thiocholine  
In Fig. 29. the cyclic voltammogramms for the ATChCl and ATChI substrates 
without the presence of the enzyme, can be observed.  
The two types of substrates have been tested by CV means. As it can be observed 
from the obtained results, ATChI substrate gives an electrochemical response which could 
interfere with the electrochemical signal that we can expect when the electrochemical 
detection of TCh will be performed. When ATChCl is used, a behavior close to PBS 
solution response is obtained, therefore this type of substrate was chosen for the enzymatic 
production of TCH. 
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Fig.29. - Cyclic voltammograms of ATChCl and ATChI substrates (0.5 M) in PBS solution 
(0.1 M, pH= 7.5)  
In Fig. 30-33 and Table 12 the CV data for the determination of the oxidation 
potential of TCh at the surface of the modified electrodes compared to bare Au sample, can 
be observed. From the cyclic voltammograms we can see that the electrochemical oxidation 
of TCh is present for all the types of modified electrodes and the potential of oxidation is 
kept in the same range. The oxidation current peaks however are different when compared 
to the bare Au sample and the most suitable type of modified electrode for electrochemical 
assessment of TCh remains NS-2 with an anodic peak very close to the control sample.  
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Fig. 30- Cyclic voltammogram of TCh oxidation at the surface of Bare Au electrode 
 
Fig. 31- Cyclic voltammogram of TCh oxidation at the surface of NS-1 modified electrode 
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Fig. 32- Cyclic voltammogram of TCh oxidation at the surface of NS-2 modified electrode 
 
Fig. 33- Cyclic voltammogram of TCh oxidation at the surface of NS-3 modified electrode 
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Table 12- Oxidation potentials and current peaks of TCh at the surface of the modified 
electrodes and Bare Au sample 
3.3.3. Electrochemical detection of Thiocholine-Electrochemical 
Impedance Spectroscopy 
In Fig. 34-37 and Table 13-16 the EIS study performed for the TCh detection at the 
surface of the modified electrodes and the bare Au sample is presented.   
From the EIS studies performed in the presence of TCh at the chosen potential where 
the oxidation process takes place it can be seen that in the case of all the batches of 
modified electrodes the Rct values decrease by increasing the concentration of TCh and the 
Cdl increases when the TCh solution is more concentrated, a behavior that is expected when 
EIS assessments are performed at a chosen potential. Also, if we analyze the obtained 
results it can be noticed that in the presence of TCh the NS-2 modified electrodes show an 
improvement in terms of Cdl when compared to bare Au samples and the NS-1 modified 
electrodes have a similar behavior as the control electrodes, maintaining the diffusion 
process. In the case of NS-3 modified electrodes the capacitive behavior can still be noticed 
and at low TCh concentration they express a slow electron transfer.  
 
 
Type of sample Oxidation potential (V) Oxidation current peak (μA) 
Bare Au 0.809 450 
NS-1 0.809 318 
NS-2 0.819 412 
NS-3 0.819 324 
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Fig. 34- Nyquist plot of different concentrations of TCh solution at the surface of Bare Au 
electrodes at fixed potential 
 
 
 
 
 
 
Table 13- Charge transfer resistance and double layer capacitance values for the Bare Au 
electrodes in TCh solution with different concentrations 
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Fig. 35- Nyquist plot of different concentrations of TCh solution at the surface of NS-1 
modified electrodes at fixed potential 
 
 
 
 
 
 
 
Table 14- Charge transfer resistance and double layer capacitance values for the NS-1 
modified electrodes in TCh solution with different concentrations 
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Fig. 36- Nyquist plot of different concentrations of TCh solution at the surface of NS-2 
modified electrodes at fixed potential 
 
 
 
 
 
 
Table 15- Charge transfer resistance and double layer capacitance values for the NS-2 
modified electrodes in TCh solution with different concentrations 
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Fig. 37- Nyquist plot of different concentrations of TCh solution at the surface of NS-3 
modified electrodes at fixed potential 
 
 
 
 
 
 
Table 16- Charge transfer resistance and double layer capacitance values for the NS-3 
modified electrodes in TCh solution with different concentrations 
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3.3.4. Electrochemical detection of Thiocholine- Chronoamperometry 
In Fig.38-41 (a, b) the data corresponding to the amperometric detection of TCh at 
the surface of all types of modified electrodes as well as the limit of detection of the system 
is presented.  
 
Fig.-38 a- Amperometric detection of TCh at the surface of Bare Au electrode (TCh 
concentrations: 5 μM, 10 μM, 15 μM, 20 μM and 25 μM) 
 
Fig. 38 b- Concentration vs. Current of TCh amperometric detection at the surface of Bare 
Au electrodes 
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Fig.-39 a- Amperometric detection of TCh at the surface of NS-1 modified electrode (TCh 
concentrations: 5 μM, 10 μM, 15 μM, 20 μM and 25 μM) 
 
Fig. 39 b- Concentration vs. Current of TCh amperometric detection at the surface of NS-1 
modified electrodes 
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Fig.-40 a- Amperometric detection of TCh at the surface of NS-2 modified electrode (TCh 
concentrations: 5 μM, 10 μM, 15 μM, 20 μM and 25 μM) 
 
 
 
Fig. 40 b- Concentration vs. Current of TCh amperometric detection at the surface of NS-2 
modified electrodes 
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Fig.-41 a- Amperometric detection of TCh at the surface of NS-3 modified electrode (TCh 
concentrations: 5 μM, 10 μM, 15 μM, 20 μM and 25 μM) 
 
0.0E+0
5.0E-7
1.0E-6
1.5E-6
2.0E-6
2.5E-6
3.0E-6
0 50 100 150 200 250 300 350 400
C
u
rr
e
n
t 
(A
)
Time (s)
y = 6E-08x + 1E-06
R² = 0.9574
0.00E+00
5.00E-07
1.00E-06
1.50E-06
2.00E-06
2.50E-06
3.00E-06
0 10 20 30
C
u
rr
e
n
t 
(A
)
Concentration(μM)
 75 
 
Fig. 41 b- Concentration vs. Current of TCh amperometric detection at the surface of NS-3 
modified electrodes 
 
Type of sample Limit of detection (μM) 
Bare Au 0.3 
NS-1 0.67 
NS-2 0.25 
NS-3 1.3 
 
Table 17- Limit of detection of TCh at the surface of the modified electrodes and Bare Au 
control  
Chronoamperometry data show that an amperometric detection of TCh is possible 
using ns-ZrO2 modified electrodes and the LOD obtained is comparable to the Bare Au 
electrodes. As shown in the general electrochemical characterization of the modified 
electrodes, as well as with the EIS assessment in the presence of TCh, the NS-2 modified 
electrodes show a better response than NS-1 and NS-3 batches, and the obtained LOD of 
the NS-2 samples is improved when compared to Bare Au electrodes.   
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4 
Discussion 
 
Two generations of cluster-assembled zirconia nanostructured modified electrodes 
have been developed during this PhD study, to be implemented as platforms for the 
electrochemical detection of thiocholine.   
Cluster-assembled zirconia nanostructured thin films have been deposited using the 
Supersonic Cluster Beam Deposition technique. With the help of this technique we were 
able to control the morphological characteristics of the deposited material in order to obtain 
the most convenient structure for maintaining the electrochemical behavior of the modified 
electrode.  
For the first generation of modified electrodes a combination of high thickness and 
high roughness of the ns-ZrO2 has been chosen in order to determine the influence of the 
morphological characteristics of the deposited material onto the electrochemical 
performance of the modified electrodes. This type of electrodes has been tested by means 
of Cyclic Voltammetry and Electrochemical Impedance Spectroscopy in a three-electrode 
electrochemical setting in batch conditions. The electrochemical cell had a capacity of 10 
mL of electrolyte and the area of the assessed modified electrode was kept in the range of 
2.25 cm2. Electrochemical characterization results for the first generation of modified 
electrodes have shown that by increasing the thickness of the deposited material the active 
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surface area is also increased, characteristic that helps lowering the charge transfer 
resistance and sustains a fast electron transfer of the modified electrodes. In terms of double 
layer capacitance this type of electrodes have shown that by increasing the thickness the 
diffusion processes take longer, therefore the second generation of modified electrodes has 
been developed with different surface morphology characteristics. Taking into 
consideration also the fact that the electrochemical assessments for this type of electrodes 
have been performed in batch conditions it was also necessary to develop a new 
electrochemical setting that would reduce the area of the modified electrode and also the 
working volume for the electrolyte. 
Since it has been seen from the results obtained with the first generation of modified 
electrodes that the electrochemical behavior is not greatly influenced by a thickness up to 
100 nm of deposited material, for the second generation of modified electrodes the 
thickness of the ns-ZrO2 has been chosen up to a maximum of 100 nm and the roughness of 
the electrode’s surface was lowered to a maximum of 11 nm. The general electrochemical 
characterization of this type of modified electrodes has been performed by means of Cyclic 
Voltammetry and Electrochemical Impedance Spectroscopy in a “homemade” Teflon 
electrochemical cell which confined a fixed area of the working electrode to 0.6 cm2 in 
diameter and a maximum electrolyte volume of 500 μL. With this type of electrochemical 
setting the errors were greatly reduced and a more precise electrochemical assessment was 
performed. The CV results obtained in these new working conditions have shown that the 
electrochemical performance in terms of electron transfer and reversibility of the redox 
reaction at the surface of all types of modified electrodes are comparable with those 
obtained in the case of bare Au electrodes. EIS studies have been performed in the presence 
of a commercial electrolyte for all types of modified electrodes as well as bare Au 
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electrode. In terms of charge transfer resistance and double layer capacitance NS-2 and NS-
3 modified electrodes samples have shown a similar behavior with the one obtained for 
bare Au electrodes. The increased electron transfer can be allocated to the increase in the 
active surface area of the modified electrodes. A slightly slower electron transfer could be 
observed in the case of the NS-1 modified electrodes, fact that can be attributed to a lower 
active surface area provided by the thinner layer of ns-ZrO2. 
For the electrochemical detection of the enzymatically produced TCh, the 
concentration of the product was assessed spectrophotometrically by using the Ellman’s 
method. Before the electrochemical detection of the enzymatic product, two different 
substrates have been (ATChCl and ATChI) electrochemically assessed in order to establish 
the substrate’s influence upon the electrochemical response of the system. It has been 
concluded that ATChCl substrate is the appropriate one to be used since the oxidation 
potential of the ATChI substrate is too high and might interfere with the real 
electrochemical signal given by the oxidation of TCh.  
CV assessment for the determination of the oxidation potential of TCh have shown 
that for all the types of modified electrodes an electrochemical signal in the range of 0.81 V 
- 0.82 V has been detected. The obtained oxidation potential values are comparable to the 
ones obtained by other groups who used Au as conductive material in the design of 
electrodes for the electrochemical detection of TCH [102].The obtained potential from the 
CV studies has been used for EIS assessments as well as chronoamperometric detection of 
the enzymatic product. The EIS results obtained in the presence of the enzymatic product 
have shown the same behavior of the modified electrodes as in the case of the commercial 
electrolyte.  
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Amperometric detection of TCh has been achieved in the case of all the types of 
modified electrodes, by maintaining the fixed potential obtained from the CV studies and 
measuring the current values over a period of time with the change of the enzymatic 
product concentration. With the information gathered from the CA assessment the limit of 
detection of the system was calculated. The amperometric detection of TCh was achievable 
in the case of all the modified electrodes with a limit of detection between 0.25 μM and 1.3 
μM, values comparable to the ones obtained with the bare Au electrodes. The detection 
limit of TCh at the surface of the modified electrodes has been accomplished without any 
chemical mediators used as enhancers for the electrochemical signal given by the oxidation 
of the enzymatic product and the obtained values are comparable to the ones described in 
literature [69],  
The general electrochemical characterization of the second generation of modified 
electrodes in the presence of the commercial electrolyte, as well as their ability to perform 
electrochemical detection of enzymatic product with three different electrochemical 
methods give a promising  perspective in using ns-ZrO2 thin films as part of transducers for 
electrochemical detection of TCh with potential applications in environmental pollution 
monitoring.  
By using the SCBD technique for the cluster-assembled zirconia nanostructured thin 
films, we are able to produce at a large scale modified electrodes with tailored surface 
morphology characteristics according to the requirements of the application, making it an 
attractive technique for industrial production. The good biocompatibility properties of 
zirconia as well as a precise control over the roughness of the surface of the cluster-
assembled nanostructured thin films offered by the SCBD, represents a promising mean of 
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overcoming the existing drawbacks in terms of transducer/biological compound 
interactions.  
To achieve the final aim represented by the development of a fully functional 
enzymatic electrochemical detection platform for environmental pollution control, several 
steps have yet to be accomplished. The design of the modified electrodes has to be 
reconsidered in order to be able to perform electrochemical assays on very small working 
areas with total volumes of analyte below 100 μL, therefore eliminating as much as 
possible the errors during assessments but also making the processes more user-friendly for 
the general consumers. Physical adsorption of the biological compound onto the surface of 
the modified electrodes has to be accomplished and the proposed electrochemical detection 
system has to be assessed in the presence of commercial pesticides based on 
organophosphorous compounds. 
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Abstract 
Here we report on the fabrication and characterization of cluster-assembled 
nanostructured zirconia electrodes for the electrochemical detection of enzymatically 
produced thiocholine. Zirconia nanostructures are produced by Supersonic Cluster Beam 
Deposition on thin gold films. This technique enables nanoscale control of the deposited film 
surface morphology, providing high electrochemically active zirconia surface area with low 
parasitic serial resistance due to high metal wire conductance. The electrochemical behavior 
of the electrodes has been characterized in the presence of the Potassium ferricyanide/ 
Potassium ferrocyanide redox couple. The electrochemical response for the oxidation of an 
enzymatic product was assessed by means of cyclic voltammetry, electrochemical impedance 
spectroscopy and chronoamperometry. The nanostructured zirconia film yields a good 
electrochemical thiocholine sensing. The limit of detection for thiocholine under working 
potential of 0.810- 0.820 V vs. reference was found to comprised between 0.25 μM and 1.3 
μM. Nanostructured electrodes, combining gold and zirconia nanoparticles can be 
implemented as functional transducers in biosensing devices, for example based on 
Acetylcholinesterase for electrochemical detection of polluting agents.  
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1. Introduction 
Acetylcholinesterase (AChE) is an enzyme located in the cholinergic and neuromuscular 
synapses. AChE main role is to catalyze the breakdown of the neurotransmitter acetylcholine 
(ACh) into two compounds, acetate and choline [1], [2]. Recently, the use of AChE in 
biosensing technology has gained an increased attention, especially in the field of 
environmental pollution monitoring where it has been used in pesticide detection systems [3], 
[4], [5]. The principle of operation of biosensors using AChE as a biological recognition 
element is based on the irreversible inhibition of the catalytic activity of the enzyme by the 
compound that has to be detected [6]. In order to facilitate an electrochemical sensing, the 
product of the enzyme/ substrate reaction can be oxidized or reduced at relatively low bias, 
typically in the range of 500 mV or less. However, choline that is the product of reaction 
between AChE and ACh is not an electroactive species and it cannot be detected through 
electrochemical methods. Therefore, Acetylthiocholine (ATCh), an artificial analogue of 
ACh, can be used as a substrate to generate Thiocoline (TCh) that is an electroactive 
compound [3] and can be detected by simple electrochemical methods such as 
chronoamperometry. 
Nowadays, TCh detection methods are traditional laboratory methods such as high purity 
liquid chromatography (HPLC) [7], gas chromatography [8] or fluorescence spectroscopy [9]. 
Even though these methods are well established and very precise, they rely on bulky and 
costly equipment that can be used only in laboratories and that are not suitable for on-site 
detection outside the labs. Furthermore, laboratory methods require a highly trained 
personnel, are expensive, and they need a large number of reagents, which add to their 
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complexity and cost of operation. Therefore, there is a high demand for portable, sensitive, 
cheap and easy to use detection devices and methods [10].  
In recent years, many research groups have been focusing on developing portable 
biosensors that are robust, precise and easy to use by consumers on-site. Among different 
approaches for portable detection systems [4], [10], [11], electrochemical real-time detectors 
have proven to provide a convenient method of enzymatic activity assessments [12], [13]. 
Electrochemical sensors are easy to use, simple and low cost compared to other methods. 
Electrochemical sensors require simple low-cost electrodes that can be integrated into 
compact electronic platforms that can yield rapid responses in user-friendly portable systems 
[14].  
The operating principle of an electrochemical biosensor is based on the reaction of a 
specific analyte occurring at the electrodes surface generating an electric signal proportional 
to the analyte concentration. There are several electrochemical methods for detection, such as 
voltammetry [15], electrochemical impedance spectroscopy [16] and amperometric method, 
which are the most common in case of enzyme/substrate based sensors [17]. 
Even though electrochemical methods have their advantages in terms of simplicity and 
rapid time of detection, the choice of suitable materials constituting the electrodes to tailor 
the system response to the analyte is a critical point [18]. Actually, the use of thin metal films 
as the physico-chemical transducer often implies the introduction of chemical mediators 
through surface functionalization approaches in order to enhance or to hasten the electrical 
response related to specific chemical reactions. This leads to time-consuming modification 
procedures and complex post-processing steps of the materials and systems [19]. Moreover, 
traditional metallization techniques (such as physical vapor deposition or electrodeposition) 
do not provide fine control on the structure morphology of the electrode and corresponding 
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specific active area for electrochemical detection, that should be maximized in order to 
increase the transducer’s performance [20].  
Recently, nanostructures like nanowires, nanotubes, nanoparticles, and quantum dots 
have been employed to improve the analytic performance of biosensors. The high surface-to-
volume ratio increases the sensitivity and lower the detection limits [17]. More specifically, 
for TCh based electrochemical detection systems, carbon [20], [21] or gold [4], [22], [23] 
based nanostructures are the most commonly used. Several research groups have been using 
different types of materials for electrochemical detection of TCh. Screen printed electrodes 
modified with Prussian blue have been used for the electrochemical oxidation of TCh at a 
potential of 0.2 V yielding a limit of detection of 5 μM [24] or carbon nanotube-modified 
glassy carbon electrodes have yielded a limit of detection of 0.3 μM at an oxidation potential 
of 0.15 V [20]. Nanostructured metal oxides have been recently used as transducer 
components, since they show good optical and electrical properties and they also result in a 
high catalytic efficiency and an improved ability of adsorption of the biomolecules [25].  
Zirconium dioxide (ZrO2) nanostructures have aroused increasing interest to be used as 
part of the transducer in bio sensing systems, since this material offers high biocompatibility 
[26], good electron transfer and surface charge properties [27], and a very high affinity to 
oxygen moieties [28]. The most commonly used methods to produce transducers for TCh 
electrochemical detection based on ZrO2 involve electrochemical deposition [29], [30] and 
screen printing [31]. Even though these approaches have their advantages in terms of ease of 
production and standardization, they also present several drawbacks. These are mainly related 
to the lack of precise control of the film surface morphological characteristics, which would 
increase the active surface area for detection, and electrical properties, which could enhance 
the layer’s electrochemical characteristics in terms of charge transfer ability. Furthermore, the 
capability of detecting TCh without the involvement of chemical mediators and the 
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possibility to pattern the transducer’s elements having control on their geometry are difficult 
to achieve using these techniques. 
Here we report the fabrication and characterization of an amperometric sensor for 
synthetically produced TCh consisting of a transducer based on a cluster-assembled zirconia 
nanostructured film (ns-ZrO2) deposited by Supersonic Cluster Beam Deposition (SCBD) on 
gold thin film electrodes. This manufacturing approach enables nanoscale control over the 
electrode morphology, providing large surface area to the transducer which is sufficient for 
electrochemical detection of TCh, without additional mediators. The electrochemical 
properties of the cluster-assembled ZrO2/gold electrodes were characterized in terms of 
charge transfer ability, double layer capacitance and their sensing performance yielding the 
TCh limit of detection (LOD). 
1. Materials and Methods 
2.1 Production of  cluster-assembled zirconia modified working electrodes 
The production of cluster-assembled ZrO2 electrodes was accomplished in two steps. The 
electrodes were made on 1 mm thick borosilicate glass round coverslip with a diameter of 24 
mm (VWR International). A detailed description of the design of the modified working 
electrode is shown in Fig.1A. 
The first step was making the metal electrode and a 15 nm thin film Ti adhesion layer 
was deposited by electron beam evaporation, followed by the deposition of a 160 nm thick 
gold film.  
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Figure 1 A- Schematic representation of the structure of the modified working electrode 
B- Representation of the SCBD apparatus (adapted with permission [32]) 
The second step was the deposition of the cluster-assembled zirconia thin film with 
SCBD. The SCBD apparatus, schematized in Fig. 1B, is equipped with a pulsed microplasma 
cluster source (PMCS) [33]; a detailed description of the PMCS operating principle is 
presented in [34]. Briefly, the operating principle of PMCS is based on a zirconium rod 
ablation by argon plasma jet that is ignited by a pulsed electric discharge. The sputtered 
zirconium atoms and ions thermalize with the gas and the oxygen that is present in the 
condensation chamber forming ZrO2 clusters. The mixture of clusters and inert gas is 
extracted in vacuum through a nozzle and a seeded supersonic beam is formed, which is 
afterwards collected onto the glass coverslips. Since the supersonic regime implies low 
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divergence of the cluster beam (< 1°) [34], SCBD can be employed to generate patterns of the 
deposited film using stencil masks, enabling patterning with relatively good lateral resolution 
with small shadow effects [35]. Furthermore, SCBD is a high-throughput technique suitable 
for deposition over large surface areas [36].  
Due to the low kinetic energy of the nanoparticles, the clusters do not undergo 
fragmentation or significant deformations upon impact with the target, therefore preserving 
their original shape and size [37]. This enables the production of an electrochemically active 
nanostructured surface with tailored morphological features. The surface roughness of the 
cluster-assembled film can be controlled at the nanoscale by controlling the film thickness 
[38] since the cluster deposition takes place in a ballistic regime [39]. The quantitative 
control of the surface roughness at the nanoscale influences the wettability [40] and the 
absorption of protein and enzymes [41]. Those characteristics are particularly appealing in 
view of the implementation of enzymatic transducers onto the nanostructures for biosensing 
applications. For the fabrication of the cluster-assembled ZrO2 electrodes reported here we 
used ns-ZrO2 layers with variable thickness: 30 nm (NS1), 60 nm (NS2), and 100 nm (NS3). 
The film thickness was measured off-line by atomic force microscopy [34].  
2.1.  Surface morphology characterization of the cluster-assembled ZrO2 electrodes 
The surface morphology characterization of the cluster-assembled zirconia thin films has 
been assessed by means of atomic force microscopy (AFM) in air using a Multimode AFM 
device equipped with a Nanoscope IV controller (Bruker), operated in Tapping Mode. For 
this assessment, we have used rigid silicon cantilevers mounting single crystal silicon tips 
with a nominal radius of 5-10 nm and the resonance frequency was in the range of 250-350 
kHz. Several images of 2μm x 1μm have been acquired for each sample at a scan rate of 1 Hz 
and 2048 X 512 points. Afterwards, the images have been flattened by line-by-line 
subtraction of the first and second order polynomials for artifacts removal due to sample tilt 
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and scanner bow. From the AFM images, root-mean-square surface roughness Rq and 
specific area (calculated as the ratio of surface area to the projected area) were calculated. 
The film thickness used for the modified electrodes was calculated also by AFM by acquiring 
images across a sharp step produced by applying a mask on the coverslip before the 
deposition. 
2.3.  Electrochemical characterization of different cluster-assembled ZrO2 electrodes 
The electrochemical characterization of the electrodes has been performed by cyclic 
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) using a Reference 600 
potentiostat/galvanostat (Gamry Instruments Inc.). The measurements were performed in a 3-
electrodes electrochemical cell setup with a Pt wire as counter electrode and a Ag/AgCl quasi 
reference electrode produced by electrodeposition according to a protocol previously 
described in [42], which was calibrated using a commercial Ag/AgCl electrode (Gamry 
Instruments Inc.). As electrolyte, a solution containing 10 mM Potassium Ferrocyanide (K4 
[Fe (CN6)], Sigma-Aldrich Chemicals S.A.), 10 mM Potassium Ferricyanide (K3 [Fe (CN6)], 
Sigma-Aldrich Chemicals S.A.) and a Phosphate Buffer Solution of 0.1 M (pH=7.5) was 
used. 
Cyclic voltammograms were obtained by scanning the working electrode at a potential 
range from -0.5 to 0.5 V, with a scan rate of 50 mV/s. For the square root of the scan rate 
assessments, each type of electrode was scanned at a potential range from -0.5 to 0.5 V, with 
scan rates of 20 mV/s, 50 mV/s and 100 mV/s respectively.  
2.4. Enzymatic production of Thiocholine 
Acetylcholinesterase from Electrophorus electricus (Type VI-S 500 UN), 
Acetylthiocholine Chloride (ATCl), 55’- Dithiobis (2-nitrobenzoic acid) (DTNB) were 
purchased from Sigma-Aldrich Chemicals S.A.. 
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Since TCh is not commercially available, it was produced daily by enzymatic means. For 
this, 1 mL of 0.5M of ATCl was prepared in a phosphate buffer solution 0.1 M with a pH=8. 
To this solution, 10 U of AChE were added and the mixture was left to incubate for 2 hours. 
After incubation, the concentration of the obtained TCh was assessed spectrophotometrically 
by the Ellman’s method [43]. For this, 2.7 mL of PBS (0.1 M, pH=8) was added in a cuvette 
along with 300 μL of DTNB solution of 0.1 M and 15 μL of TCh (after it was diluted 1:100 
from the stock solution). The obtained enzymatic product was assessed 
spectrophotometrically at a wavelength of 412 nm and the absorbance was measured at 
different times. From the absorbance values obtained, the real concentration of TCh was 
evaluated using the Lambert-Beer law with the known molar extinction coefficient of TNB 
(ε=13,600 M-1 cm-1 [43]). Therefore, we obtained 1mL of TCh solution of 0.5 M. The TCh 
stock solution was used for 24 hours and it was stored at 4oC.  
2.5. Electrochemical detection of Thiocholine 
For the electrochemical detection of the enzymatic product, Cyclic Voltammetry (CV), 
Electrochemical Impedance Spectroscopy (EIS) and Chronoamperometry (CA) were used. 
In order to determine the oxidation potential of the TCh, CV measurements have been 
performed in the presence and absence of the enzymatic product as followed: the electrodes 
were first scanned at a potential range from 0.3 to 0.9 V, at a scan rate of 50 mV/s using as 
electrolyte only the PBS solution adjusted for the use of a biological compound (0.1 M, 
pH=8). Afterwards, maintaining the same settings, a concentration of 0.5 mM of TCh 
solution was used in 0.1 M PBS and the oxidation potential was determined. 
For the EIS assessments, the equilibrium potential obtained from the cyclic 
voltammograms was applied, using a frequency range of 500 KHz to 100 mHz with a 
potential perturbation amplitude of 10 mV. The EIS spectra was determined using 4 different 
concentrations of TCh, 0.04 mM, 0.07 mM, 0.1mM and 0.2 mM, in PBS solution (0.1 M, 
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pH=8). All EIS data was processed using Echem Analyst (Gamry Instruments Inc.) and 
Charge Transfer Resistance was determined after fitting the data with a Randle’s circuit [44].  
CA was used in order to determine the limit of detection (LOD) of our system. For this, 
we have used the oxidation potential of TCh determined from the cyclic voltammograms. For 
each type of electrode, five different concentrations of enzymatic product were used, ranging 
from 5 μM to 25 μM. The average of the current peaks corresponding to each concentration 
was plotted against the concentrations used and the LOD of the system was calculated.   
3. Results and discussion 
3.1.  AFM characterization of the ZrO2 films 
Typical surface profiles, superimposed to the 3D views of the bare Au electrode 
compared to cluster-assembled ns-ZrO2 thin films, are shown in Fig. 2.  
 
Figure 2- Representative surface profiles superimposed to 3D views for: A) Bare Au; B) 
NS1, C) NS2, D) NS3 
 
104 
 
As expected, the Au layer is highly flat, with a roughness of 1 nm, compared with the 
surfaces of the modified ns-ZrO2 electrodes whose roughness changes from 9 to 11 nm. From 
the AFM characterization of the interface we can also observe that by increasing the 
thickness of the ns-ZrO2 thin film also the specific area increases, therefore leading to a 
higher surface active area available for the biosensing device. The specific morphological 
properties of the modified ns-ZrO2 working electrodes are reported in Table 1. 
 
 
 
 
 
 
 
Table 1 - Morphological characteristics of the cluster-assembled ZrO2 electrodes 
3.2. Electrochemical characterization with [Fe(CN)6]3-/[Fe(CN)6]4- at different cluster-
assembled ZrO2 electrodes 
The cyclic voltammograms obtained for each batch of the produced electrodes and bare 
Au of the [Fe(CN)6]
3-/[Fe(CN)6]
4- redox couple at a concentration of 10 mM in 0.1 M PBS 
(pH= 7.5) is shown in Fig.3. The peak currents of the redox active species (anodic, Ipa and 
cathodic, Ipc) have slightly increased in the case of the three different modified electrodes in 
comparison with the bare Au electrode, and a small decrease in the peak-to-peak separation 
(ΔEp) has been observed for the electrodes containing the ns-ZrO2, therefore showing a quasi-
reversible behavior of the electrodes. The increase of the current peaks at the modified 
electrodes is attributed to a larger electroactive area and an increased electron transfer rate 
Type of sample Thickness    
(nm) 
Roughness 
(nm) 
    Specific 
area  
Bare Au(Control)        160±9 1±0.1     1.03± 0.01 
NS 1         35±7 9.1±0.1    1.38±0.03 
NS 2         61±8 10.2±0.1    1.45±0.05 
NS 3        100±10 11.3±0.1    1.47±0.03 
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due to the addition of the ns-ZrO2. The values obtained for the cathodic and anodic processes, 
as well as the peak separation data, obtained from the cyclic voltammograms of the bare Au 
and the modified electrodes, are presented in Table 2.  
 
 
Figure 3 – Cyclic voltammograms obtained for the modified working electrodes in 
comparison with bare Au electrode in the presence of 10 mM Fe3+/Fe2+ in PBS 0.1 M 
(pH=7.5) at 50 mV/s 
 
 
 
 
 
 
Table 2 – Description of the redox processes values obtained from the cyclic voltammograms 
performed on the modified working electrodes compared to the bare Au electrode 
 
The reversibility of the redox reaction has also been tested with CV by using different 
scan rates and the results obtained are shown in Fig.4. As a representative example of this 
Type of sample Ipa (mA) Ipc (mA) ΔEp (mV) 
Bare Au -1.1 1.2 270 
NS 1 -1.2 1.4 280 
NS 2 -1.1 1.25 270 
NS 3 -1.15 1.3 280 
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behavior, the cyclic voltammograms at different scan rates are reported only for the batch of 
modified working electrodes with a thickness of the ns-ZrO2 thin film of 60 nm. 
By using different scan rates of 20, 50 and 100 mV/s-1, we observed that the reduction 
and the cathodic current peaks for the modified electrodes increase for increasing scan rates, 
along with a small shift in both cathodic and anodic peak potential, which suggests that there 
is a good reversibility of the fast charge-discharge response. 
 
Figure 4-  Cyclic voltammograms of the modified working electrode (ns-ZrO2 thin film of 60 
nm thickness), at different scan rates in the presence of 10 mM Fe3+/Fe2+ in PBS 0.1 M 
(pH=7.5); 
Inset: Variation of anodic and cathodic peaks vs. the square root for scan rate 
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3.3. Cyclic voltammetry response of thiocholine at the cluster-assembled ZrO2 
electrodes 
The cyclic voltammetry responses of TCh at the modified electrodes as well as at the 
bare Au electrode have been measured, using a solution of 500 μM of TCh in 0.1M PBS 
(pH=8). In Table 3 we present the oxidation potential values as well as the cathodic current 
peak obtained for the oxidation of thiocholine in the case of the modified and bare Au 
electrodes. 
Table 3- Voltammetric responses of TCh at the modified electrodes and bare Au 
 
Interestingly, the measured cathodic current peaks for all the nanostructured layers were 
not significantly lower than the one obtained for the control, which suggests that the presence 
of ns-ZrO2 do not alter the electrical properties of the gold layer to a great extent, but it rather 
confers suitable charge transfer properties to the system and preserve the transducer detection 
activity. More in details, for the electrodes modified with a 60 nm thick layer of ns-ZrO2 the 
oxidation current showed to be similar for the one obtained using the bare Au electrodes (413 
μA against 450 μA). For comparison we have performed a CV assay both in the presence as 
well as in the absence of TCh (Fig.5.). As expected we see no response when we used only 
the PBS (0.1 M, pH=8) solution, but a clear peak appears +0.820 V when we add the TCh 
solution, as previously reported by other groups [20].  
Type of sample Oxidation potential (V) Cathodic current peak (μA) 
Bare Au +0.810 450 
NS 1 +0.810 320 
NS 2 +0.820 413 
NS 3 +0.820 325 
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Figure 5- Voltammetric response of the modified working electrode in the presence and 
absence of thiocholine 
 
3.2  Electrochemical Impedance Spectroscopy of the thiocholine detection system 
For a better understanding of the influence of the ns-ZrO2 thin layer thicknesses on the 
electrochemical detection of TCh we have chosen to perform EIS studies at the chosen 
potential where the oxidation reaction of the enzymatic product takes place, as obtained from 
the cyclic voltammograms.  For this, we have chosen to analyze the response of each type of 
modified electrode in the presence of the enzymatic product in different concentrations 
ranging from 40, 70, 100 and 200 μM. 
 After obtaining the EIS spectra, a Randle’s circuit model [44] has been used for fitting 
the data, in order to obtain the charge transfer resistance (Rct) values as well as the double 
layer capacitance (Cdl).  
The EIS spectra of 70 μM TCh (Fig. 6) shows a diffusion limited process for all the types 
of modified working electrode, with a Warburg element present at frequencies lower than 
1Hz, which enabled us to fit it with the Randle’s circuit model.  
109 
 
 
Figure 6– Nyquist plot of 70 μM thiocholine at the modified working electrodes compared to 
bare Au; Inset a) Rct dependence on the ns-ZrO2 thickness ; Inset b): Cdl dependence on the 
ns-ZrO2 thickness 
 
By comparing the Rct values according to the different thickness of the ns-ZrO2, we 
noticed that for the bare Au electrode we obtain the lowest resistance (58.5 KOhm), as 
expected, and that the values of Rct for the sample NS2 are largely similar to that of the bare 
Au (71.7 KOhm). This observation is compatible with the results obtained from the CV 
analysis and further confirming that the presence of the nanostructures does not induce 
significant passivation effects of the metal layer. Taking into account the Rct value of the NS1 
sample (85 KOhm), we notice that is higher than in the case of NS2. This behavior could be 
explained by the fact that, according to the evolution of the roughness as a function of the 
layer thickness, the active surface area for NS1 is lower with respect to that of NS2, and 
therefore the time for the system electron transfer is longer. On the other hand, for the NS3, 
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we have a large surface area, but the thickness in this case is probably high enough to dampen 
the electron transfer, giving the highest Rct value of 103.4 KOhms. 
The double layer capacitance values obtained for the NS1 (16 μF/cm2) and NS2 (14.2 
μF/cm2) are fairly close to the bare Au (16.5 μ F/cm2), but in the case of the NS3 sample (27 
μF/cm2) the behavior is more capacitive and the diffusion process is very low, behavior that 
can be associated with the larger active surface area and a higher porosity of the thicker 
sample. 
3.3 Amperometric response of thiocholine 
After determining the oxidation potential of TCh at the modified electrodes, the 
amperometric response of the enzymatic product was studied by using chronoamperometry. 
For this, five different concentrations of thiocholine were added and the current response was 
measured over time. The concentration of the enzymatic product was ranged between 5 μM 
up to 25 μM and the modified electrode used for this assessment was the Au/NS-ZrO2 with a 
thickness of the ZrO2 thin film of 60 nm (Fig. 7). 
 
Figure 7 - Amperometric detection of TCh at the surface of NS2 modified electrode, at a 
fixed potential of +0.820 V, in PBS 0.1 M (pH=8) and different concentrations of the 
enzymatic product; Inset: Representation of the cathodic current against the different 
concentrations of TCh 
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A linear relationship was obtained between the response current and the TCh 
concentration, but a saturation threshold has been observed for the last concentration, thus 
giving us a correlation coefficient of 0.924. A detection limit of 0.25 μM was estimated based 
on a S/N=3. 
Amperometric detection assays for TCh were performed on the other types of the 
modified electrodes and the LOD obtained are reported in Table 4.  
 
 
 
 
 
 
Table 4- Amperometric response of TCh oxidation at different modified working electrode 
 
 
Conclusions 
We have demonstrated the fabrication of electrochemical transducers for the detection 
of synthetically produced TCh based on Au electrodes functionalized with cluster-assembled 
ZrO2 nanostructured thin films deposited by SCBD. The electrodes produced were 
electrochemically characterized using cyclic voltammetry in presence of the [Fe(CN)6]
3-
/[Fe(CN)6]
4- redox couple, and the results obtained showed that the presence of the 
nanostructures do not alter the conductivity of the metal substrate, but that it moderately 
increased the cathodic and anodic current peaks, preserving the reversibility of the reaction.  
By modifying bare Au electrodes with cluster-assembled ns-ZrO2 thin films with a 
precise control of the thickness and active surface area, we were able to obtain an efficient 
Type of sample Limit of detection (μM) 
Bare Au 0.3 
NS 1 0.67 
NS 2 0.25 
NS 3 1.3 
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electrochemical detection platform for enzymatically produced TCh, with improved 
electrochemical characteristics in terms of double layer capacitance and appropriate charge 
transfer resistance.  More specifically, for 60 nm thick ns-ZrO2 layers, the analyte detection 
limit was measured as 0.25 μM using amperometric methods, which is a relevant result 
according to the literature. The modified electrodes presented in this study can represent a 
promising solution for the development of transducers that can be implemented in 
electrochemical detection systems based on Acetylcholinesterase for pollution control 
monitoring.  
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